Introduction
Acetonitrile (MeCN) is a core solvent in the chemical industries, particularly the pharmaceutical industry, where the global demand accounts for over 70 % of the total market. 1 The high popularity of MeCN is due to its excellent solvation ability with respect to a wide range of polar and non-polar solutes, and favourable properties such as low freezing/boiling points, low viscosity and relatively low toxicity. Several key properties of MeCN are shown in Table 1 and compared with similar solvents. [2] [3] [4] [5] Currently the pharmaceutical and fine chemical industry has two major uses of MeCN: (a) laboratory use, particularly as a mobile phase in liquid chromatography analytical techniques, 6 and (b) as an industrial process solvent, for example, in the manufacturing of antibiotics. 7 Due to the need for very high purity solvents in analytical techniques such as high performance liquid chromatography (HPLC), laboratories tend to use "Analar" grade MeCN, whilst industrial applications favour "technical grade" MeCN due its lower cost. In both cases, the solvent is very highly refined in terms of purity, typically >99.9% for Analar and >99.5% for technical grade. 
Why is MeCN such a good solvent?
As alluded to previously, MeCN is regarded as a good solvent because of its ability to dissolve a wide variety of fine chemical and pharmaceutical ingredients, with an acceptable environmental profile, even though a sustainable supply cannot be guaranteed. It has, therefore, tended to be a favoured solvent by process chemists, although, for some manufacturing processes, its relatively high cost would be regarded as contributing unduly to the cost of production. MeCN is also relatively inert, due to the strong C-C bond which can only be hydrolysed under extreme conditions, making it an excellent reaction solvent.
The Conductor-like Screening Model (COSMO) σ-profile 10 is a useful qualitative tool in explaining the solvent properties of molecules, as shown in Figure 1 for four different solvents: MeCN, water, NMP and hexane. The σ-profile is a statistical representation of the surface charge distribution on a given molecule as determined from the quantum-based COSMO calculation 11 and it is possible to use the profiles to interpret the likelihood of a molecule to form strong Coulomb interactions with a wide variety of compounds. This is illustrated via comparison with a strong dielectric, such as water, and a non-polar molecule such as hexane. The abscissa of the profile describes the electron density of the molecular surface with positive values indicating a high electron density and electronegativity whilst negative values indicate low electron density, or electropositive regions. The ordinate describes the relative areas of molecular surface possessing such electron densities. Water is represented by the uppermost surface plot followed by MeCN in the centre and finally hexane as the lowermost plot. Notice the narrow profile of hexane, which is centred on the 0.00 σ value, illustrating the non-polar nature of the compound. The σ-profile of hexane ranges from -0.5 to +0.6 e/A 2 , with a maximum at -0.1 e/A 2 arising from the hydrogens, and a shoulder at about +0.2 e/A 2 arising from the exposed surfaces of carbon atoms. The σ-profiles of other alkanes look very similar, and mainly differ in height due to the differences in the total surface area. Table   1 , the solvent with the physicochemical properties most similar to MeCN, such as dielectric, log P and miscibility, is N-methyl-2-pyrrolidone (NMP). The downside of NMP is that it has a relatively high boiling point and is difficult to recover from aqueous waste, requiring abatement largely by incineration. NMP is also a solvent whose hazard rating is under close review and tending to require more precautions to be taken as more is understood about its systemic mode of action. In terms of minimising MeCN consumption within analytical science, focus has been centred on the development of novel HPLC methods which avoid MeCN use entirely.
Alcohols such as methanol [14] [15] [16] and ethanol 17 have been proposed for a number of limited systems. In this manner the pharmaceutical industry can also moderate its laboratory use of MeCN. However, the versatility of MeCN is impossible to reproduce with other such solvents over a wide range of systems. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 McConvey et al.
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Relevant previous research on MeCN replacement or recovery
In the past two decades, significant efforts have been taken to investigate and develop technologies for dealing with the sustainability issues associated with MeCN use in the pharmaceutical industry. The research and technological developments can be subcategorised into four main areas: solvent substitution; recycle using azeotropic distillation; recycle using physical separations; novel manufacturing processes. For convenience, these have been summarized in Table 3 , with further explanation given under the sub-headings below. A further section on more recent developments using predictive approaches to identifying possible approaches to MeCN recovery is also included. There is a general movement within the SHE community to remove solvents that have specific issues; for example, in recent times, industrial use of dichloromethane has been significantly restricted in Europe due to safety concerns. 18 Within industry, therefore, the view should be to largely remove MeCN from process development as early as possible to avoid any legacy issues that may occur with supply or other issues at later stages. From the point of view of the process chemist, however, this approach is seldom adopted because MeCN is such a useful reaction solvent for the reasons outlined earlier.
Solvent substitution
Azeotropic distillation for MeCN recovery
Several researchers have investigated the use of extractive and azeotropic distillation to achieve the recovery of MeCN from aqueous waste. Acosta-Esquijarosa et al. 19 proposed a combined process of butyl-acetate solvent extraction followed by distillation. Using this technique the authors claimed an 83.4% recovery of MeCN with a purity of 98.51%. Gomez et al. 20 proposed novel methods using hybrid pervaporation-distillation units for MeCN recovery. This work did not cover the impact of the potential decomposition of butyl acetate the extraction of platinum group metals (PGM) from aqueous solutions using NaCl-MeCNdiisopentyl sulphide to form a three-liquid-phase-system. The authors present the aforementioned as an optimum system for PGM recovery furthermore highlighting the adept ability of salts to induce phase separation in aqueous MeCN systems. However, one inconvenience when using this technique is the need to use a pH buffering agent to protect sensitive components such as enzymes, for example. The use of salts may also be problematic in that they, under certain conditions, may precipitate out of solution, leading to fouling problems in process equipment. Furthermore, the prospect of unwanted reactions with impurities and complications due to corrosion may negate the use of such additives. Such problems may be overcome via the use of dissimilar mass separating agents such as sugars.
"Sugaring out" is another innovative technique which operates in a similar fashion to salting out however the additive here is usually a monomeric sugar or disaccharide. In such systems arabinose, sucrose, and maltose; however, it was unsuccessful when using polysaccharides.
When considering the partition of syringic acid and furfural the concentration of said components in the organic phase increased with sugar concentration. Glucose was the most effective of the sugars studied. Dhamole et al. 30 possible ionic liquids, each with different physicochemical properties. 32 Therefore, with the emergence of appropriate computational screening technologies, the potential exists to optimally design ionic liquids as azeotrope breakers for a given separations problem. Whilst the lack of extensive toxicity data for novel ionic liquids is a major barrier to their direct use in pharmaceutical processing in the short to medium term, they have potential to be used as azeotrope breakers where the MeCN is to be recycled externally to non-cGMP processes. A detailed review of the application of ionic liquids as azeotrope breakers has been recently published by Pereiro et al. 33 Here the authors cite references for the use of ionic liquids as azeotrope breakers in a range of water + alcohol, water + THF, alcohol + ester, alcohol + ketone, alcohol + hydrocarbon, alcohol + halogen and aromatic + aliphatic systems, whilst also offering a comparison with published data regarding more conventional entrainers.
Contrast is also made between azeotropic breaking and extractive distillation where appropriate. However, there is no published work on the use of ionic liquids for azeotropic distillation of water + nitrile systems, which is a clearly an area needing urgent attention.
Physical separation techniques for MeCN recycle
As well as azeotropic distillation, other approaches have been reported for the separation 
Novel manufacturing processes
In 
In contrast, Rojas et al. 46 describe the ammoxidation of ethane over a niobium modified NiO catalyst with a 19% MeCN yield. With further catalyst development and improvements in reaction yield, coupled with the increasing volatility in acetonitrile supply via the existing route, this novel approach has the potential to gain industrial importance.
Predictive engineering science approach
The use of predictive tools in pharmaceutical process development is becoming increasingly important, particularly in the preliminary screening of solvent systems, to reduce costly and time-consuming experimental screening studies. Well established group contribution approaches such as UNIFAC 47 have been found to work reasonably well when dealing with species containing the more common functional groups. However, where more "exotic" species are involved, as is often the case in pharmaceutical processes or in systems involving ionic liquids, UNIFAC cannot be applied due to the lack of group interaction parameters for many functional groups. Quantum-based a priori approaches to thermodynamic prediction, such as COSMO-RS, 10 have received significant attention in recent years, due to their wide ranging applicability without the need for experimental data or group interaction parameters. Some work has been carried out recently to investigate the use of COSMO-RS for predicting the solubilities of pharmaceutical compounds 48 and ionic liquid-based systems. 49 However, despite the recent interest in COSMO-based approach for predicting phase equilibria, there has been very little attention in the literature given to its use in MeCN-containing systems. shows good agreement between data obtained in this experimental study, COSMO-RS prediction and previously reported data 50 for the ternary system.
Distillation of the MeCN-water-toluene system
Due to the formation of several azeotropes, this is a complex system from a separations perspective. The MeCN/water/toluene system has four azeotropes (see Table 4a MeCN and water form a homogeneous azeotrope when distilled. Therefore, in principle, if a breaking agent is introduced, it would be possible to continue distilling and condensing until a relatively pure MeCN stream is achieved. However, this separation will also be influenced by the presence of other impurities in the feed stream. Reduction of water to extremely low levels will probably require an extra dehydration step which would be a slow and time consuming distillation. The ternary azeotrope has the lowest boiling point at atmospheric pressure and, therefore, will come off first in a binary distillation. A number of other solvents that might be present in waste MeCN are shown in Tables 4a and 4b .
Selection and use of azeotropic breaking agents
The review of options for MeCN recovery from aqueous waste identified the use of azeotropic distillation as the approach with the greatest potential, in the short to medium propanol, 1-pentanol, 2-methyl-1-propanol, n-butanol, ethanol, 2-butanol , 2-propanol and 3-methyl-1-butanol), esters (methyl acetate, isopropyl acetate, n-butyl acetate, isobutyl acetate, ethyl acetate, ethyl formate, n-propyl acetate) and others (DMSO, n-pentane, n-heptane).
Since batch distillation is the most commonly used approach to separation and purification in the pharmaceutical industry, these solvents were screened according to the practical entrainer selection rules and guidelines for heteroazeotropic batch distillation described by Skouras et al. 51 and summarised below:
• Entrainer selection rule 1: "The entrainer should form a heteroazeotrope with one of the original components and/or a ternary heteroazeotrope." 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 Submitted to OPRD a multi-compound solvent distillation it is probably best to avoid esters due to hydrolysis. In the case of ethyl formate, under the wrong conditions carbon monoxide and hydrogen may be formed, presenting a significant safety issue. N-pentane has not been considered due to its relatively high volatility and special conditions needed to contain it.
Ionic liquids as alternative azeotropic breaking agents
In the review of MeCN recovery options above, the use of ionic liquids as azeotropic breaking agents was identified as a previously unexplored route with significant potential. In this work, a range of 51 ionic liquids were initially screened, using the predictive COSMO-RS approach, for their ability to break the MeCN-water azeotrope. These ionic liquids were chosen as they are reasonably well characterised and can be purchased from major ionic liquid suppliers. The structures of these ionic liquids are shown in Chart 1. Initially, the vapour-liquid equilibria of the MeCN-water system were simulated at atmospheric pressure using the COSMO-RS method. In order to check the validity of the simulations, a series of VLE experiments were carried out using the apparatus shown in Figure 4 , with the x-y plot for the experimental and predicted VLE shown in The results coincide with the behaviour of ionic liquids containing the same anions however these ammonium salts can easily decompose to form HCl, ammonia or acetic acid, leading to corrosion issues.
Whilst the effect of an ionic liquid on the VLE of the MeCN-water system is clearly the primary factor in determining the optimal breaking agent, cost is also a key consideration.
The costs of ionic liquids vary widely, by several orders of magnitude, mainly due to their relative novelty and the lack of large scale processes for their manufacture. As an indication, relative costs based on typical laboratory prices of the various ionic liquids are also shown on Table 5 , although caution should be exercised since the relative bulk manufacturing costs of the ionic liquids may differ significantly from the relative laboratory prices. Other potential issues which may affect the suitability of specific ionic liquids for use as entrainers, such as high viscosity, corrosive nature or chemical instability, are also detailed in Table 5 .
In order to provide some validation to the predictive screening results, three ionic liquids were chosen for experimental investigation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 6 summaries the previous discussion by identifying the leading options for the recovery of MeCN from the MeCN-water-toluene system. For recovery to take place at a manufacturing site then the best use of multi-purpose plant is required. To this end, maximising the relative volatility and simplicity of equipment in a cGMP environment, minimising the cost of breaking agent and guaranteeing process robustness will lead to the best solution. From Table 6 , the best external solution is multistage distillation with or without a breaking agent whilst internally the better solution may be to use an ionic liquid in conventional batch processing equipment.
Conclusions
This study has highlighted the importance of MeCN in the pharmaceutical industry and MeCN have also been highlighted and this approach merits further investigation to tackle the current supply issues associated with producing MeCN as a side product.
Experimental and computational methodology
MeCN and toluene used in the current study were obtained from Sigma Aldrich with purity in excess of 98%. [P 6, 6, 6, 14 VLE experiments were carried out to verify predicted results using the apparatus in Figure 4 . This experimental set-up was initially validated by measuring VLE for the MeCN/water system and comparing with data available in the literature 55 as shown in Figure   5 . Furthermore, to validate the experimental set-up for ionic liquid-containing systems, the VLE of the ethanol/water/[C 6 mim][Cl] system was measured and compared with literature data. Error! Bookmark not defined. These results are shown in the supporting information. To obtain each point on the equilibrium curve, 50 ml of MeCN/water binary mixture with a known composition was weighed out using a Denver SI-234 balance and added to the VLE apparatus along with a stirrer bar. The flask was then placed in a heating block and fitted with a thermocouple and condenser. A 5 ml sample vial was fitted to the reflux tap to collect the condensed phase while the liquid phase was collected using a 5 ml syringe. The system was then insulated and heated to boiling point and allowed to reflux for 15 minutes insuring equilibrium was reached. After 15 minutes the temperature was recorded and 2 ml samples were taken from both the liquid and condensed phases and allowed to cool. The content of the top and bottom phases were analysed by NMR using a Bruker 300 MHz spectrometer. A small amount from each sample collected was added to NMR tubes along with a deuterated DMSO probe and submitted for proton analysis. The composition of each sample was obtained by quantitative analysis of the integrated NMR spectra. The quantitative accuracy of NMR for the MeCN/water/IL system was verified by analysing a range of ternary mixtures of known composition and the uncertainty was estimated to be ±5 %.
Residue curve maps were generated using UNIFAC and UNIQUAC thermodynamic packages within Aspen Plus v. 7.2. COSMO calculations were performed on each individual ion or molecule using the TURBOMOLE 56 quantum chemistry package. Computations were carried out on the density functional theory (DFT) level, using the BP functional 57 , 58 with a triple-valence polarised basis set (TZVP). 59 Where applicable, optimised radii 60 were used in the COSMO calculation (H=1.30, C=2.00, N=1.83, O=1.72, F=1.72, S=2.16, Cl=2.05, Br=2.16, I=2.32); otherwise, 1.17xvdW radii were used. COSMO-RS thermodynamic predictions of VLE were generated using COSMOthermX software. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 McConvey et al.
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